ABSTRACT: The influence of particle adsorption on liquid/liquid interfacial tension is not well understood, and much previous research has suggested conflicting behaviors. In this paper we investigate the surface activity and adsorption kinetics of charge stabilized and pH-responsive polymer stabilized colloids at oil/water interfaces using two tensiometry techniques: (i) pendant drop and (ii) microtensiometer. We found, using both techniques, that charge stabilized particles had little or no influence on the (dynamic) interfacial tension, although dense silica particles affected the "apparent" measured tension in the pendent drop, due to gravity driven elongation of the droplet profile. Nevertheless, this apparent change additionally allowed the study of adsorption kinetics, which was related qualitatively between particle systems by estimated diffusion coefficients. Significant and real interfacial tension responses were measured using ∼53 nm core−shell latex particles with a pH-responsive polymer stabilizer of poly(methyl methacrylate)-b-poly(2-(dimethylamino)ethyl methacrylate) (pMMA-b-pDMAEMA) diblock copolymer. At pH 2, where the polymer is strongly charged, behavior was similar to that of the bare charge-stabilized particles, showing little change in the interfacial tension. At pH 10, where the polymer is discharged and poorly soluble in water, a significant decrease in the measured interfacial tension commensurate with strong adsorption at the oil−water interface was seen, which was similar in magnitude to the surface activity of the free polymer. These results were both confirmed through droplet profile and microtensiometry experiments. Dilational elasticity measurements were also performed by oscillation of the droplet; again, changes in interfacial tension with droplet oscillation were only seen with the responsive particles at pH 10. Frequency sweeps were performed to ascertain the dilational elasticity modulus, with measured values being significantly higher than previously reported for nanoparticle and surfactant systems, and similar in magnitude to protein stabilized droplets.
INTRODUCTION
The study of colloidal particle adsorption at liquid−liquid and liquid−air interfaces is paramount to understand the characteristics of particle-stabilized foams and emulsions 1, 2 and to optimize development of novel functionalized materials such as colloidosomes. 3, 4 Effectively irreversible adsorption of particles leads to the extreme stability of particle-stabilized emulsions and foams. 2,5−7 Once adsorbed at the interface, the particle diameter and equilibrium contact angle at the interface determine the strength of adsorption. There is significant literature in this area, most of which concerns the development of Pickering emulsions and foams, and their use as precursors for new functional materials and so forth. 8−14 However, while equilibrium stabilization mechanisms are relatively well understood, generally less is known about the influence of particle adsorption on the dynamic interfacial properties which are currently the subject of differing opinion. 15−18 For example, pendant drop tensiometry as a method to investigate dynamic interfacial tension has been extensively used for surfactant systems at liquid−liquid interfaces; however, there are few reports on the use of this technique to study particle adsorption.
The effect of particulates on the interfacial tension is not well understood and published data can be contradictory. Indeed, some articles conclude that adsorbed particles do not modify the interfacial tension, while others show a strong decrease of the measured interfacial tension upon particle adsorption. 15−21 Generally, however, it has been shown that for larger submicron-or micron-sized particle systems, the particles alone (without the competing effects of surfactants or other stabilizers) do not significantly affect interfacial tensions. 6 In these cases, their presence is considered instead as a third phase that displaces the liquid−liquid (or liquid−gas) contact area, but does not influence the energy of the surrounding interface. For example, Vignati et al. 15 investigated particles comprising a fluorescent core (300 nm) with a pure silica surface shell (0.51 and 0.77 μm thick) produced using a modified Stober process on iso-octane/water and octanol/water systems. The adsorption of both hydrophilic and hydrophobic particles (by hexamethyldisilazane (HMS) treatment) was not seen to modify the interfacial tension at any particle concentrations studied. Hunter et al. 22 compared the adsorption of ∼260 nm hydrophobic silica particles with competing adsorption of surfactant at an air−water interface to determine the impact of foam stability. They found that the particles alone had no influence on the measured dynamic surface tension, although their displacement of surrounding surfactant did influence dilatational elasticity in mixed systems.
The effect of much smaller nanoparticles (sub 20 nm) on the interfacial tension is less clear. Numerous studies have shown such particles to have an effect on the measured interfacial tension. Kutuzov et al. 18 investigated the adsorption of 2.3, 4.6, and 6.0 nm TOPO (trioctylphosphine oxide) -stabilized-CdSe nanoparticles to a toluene−water interface. They found that the interfacial tension decreased with increasing particle size and was also concentration dependent. Levine et al. 17 developed a theoretical model to calculate the oil/water interfacial tension where particles were closely packed at a planar interface. On the basis of their model, these authors reported that the interfacial tension depends on particle hydrophobicity and is seen to decrease as the contact angle increases from 0°to 90°. Stocco et al. 23 studied 20 nm silica particles at the air/water interface. They found that the change in interfacial tension was concentration dependent. Du et al. 24 studied the adsorption energy of 2.5, 5, and 10 nm citrate-stabilized gold nanoparticles on octafluoropentyl acrylate (OFPA)/water interface and found that the decrease in interfacial tension was particle concentration dependent. This observation was also matched by Ferdous et al. 25 using alkanethiol-stabilized gold nanoparticles (∼1.7 and 2.8 nm) at the hexane−water interface.
On the contrary, Drelich et al. 16 showed little or no effect on the interfacial tension from adsorption of 12 nm hydrophobic fumed silica particles at the paraffin oil/water interface. Kotula and Anna 19 investigated the adsorption of 12 nm Ludox silica particles stabilized with sodium aluminate onto a bubble and also found that the particles did not influence the measured interfacial tension, highlighting that even in cases of small nanoparticle adsorption, the resulting behavior is difficult to predict.
Particulate systems with amphiphilic behavior have also been studied at interfaces. In 2006, Glaser et al. 26 studied the interfacial activity of Janus nanoparticles (consisting of iron oxide Fe 3 O 4 hydrophilic particles and gold hydrophobic particles with an overall diameter of 14 nm) at the hexane/ water interface. They found that the interfacial activity could be influenced by increasing the amphiphilic character of the particles. Kim et al. 20 found that amphiphilic graphene oxide (consisting of a hydrophobic basal plane of polyaromatic islands of unoxidized benzene rings with hydrophilic ionizable edge-COOH groups) lowered the interfacial tension of a toluene−water interface as a function of pH. The size of the sheets used were bimodal consisting of (a) smaller pieces ≤1 μm and (b) larger pieces >5 μm.
It has been shown previously that the presence of a surfaceactive polymer on the surface of nanoparticles can make them extremely efficient emulsifiers. To date, influence of particle adsorption behavior at liquid−liquid interfaces of such systems is very limited. Isa et al. 27 qualitatively studied the self-assembly of iron oxide core−shell particles (where the core particle size is varied up to 5 nm and the shell is composed of poly(ethylene glycol) polymer) at the n-decane/water interface. They reported that the bulk concentration of particles and the molecular weight of the polymer both have a strong influence on the adsorption kinetics. The same authors also studied nanoparticles with a PEG-shell and reported a reduction in the interfacial tension related to the presence of the polymer shell on the particle surface. 28 Recently, Alvarez et al. 29 investigated the adsorption of 20 nm silica particles grafted with poly(2-(dimethylamino)ethyl methacrylate) (pDMAEMA) polymer at the air−water and xylene−water interfaces using a microtensiometer device. It was postulated that the reduction in the measured interfacial tension was due to the polymer on the particles penetrating the interface and relaxing to a flatter conformation to maximize the surface contact. Furthermore, the interfacial tension decreased with increasing particle concentration.
The role of particles on the interfacial tension differ markedly between specific systems as highlighted above, and are further complicated by presence/addition of surface active species such as surfactants and impurities either in the bulk or at the interface. In addition, when using dense particles the interface can deform when measuring interfacial activity due to gravitational effects, which can be wrongly interpreted. Hence, in this paper we aim to more completely probe particle type and particle concentration dependence of oil−water interfacial tension using (a) large "bare" charge stabilized colloidal particulate systems of different densities and (b) sub-100 nm particles grafted with a pH responsive and surfaceactive polymer, to understand the role of the stabilizer on surface activity. Pendant drop tensiometry and microtensiometry are used as two comparative techniques operating at two different length scales and allows the decoupling of gravitational settling effects of the particles. In addition, the microtensiometer is used to investigate the interfacial rheology by oscillation of the interface to determine the dilatational modulus with the different particles.
EXPERIMENTAL SECTION
2.1. Materials. The silica used here was purchased from FUSO Chemical Co. Ltd., Japan. The particle size was nominally 800 nm, as confirmed by light scattering (Malvern Zetasizer ZS) with low polydispersity, (PDI ∼ 0.1). 300 nm sulfate stabilized polystyrene latex particle were purchased from the Interfacial Dynamics Corporation (IDC), U.S.A. Polystyrene latex particles grafted with poly(methyl methacrylate)-b-poly(2-(dimethylamino)ethyl methacrylate) (pMMAb-pDMAEMA) were also used in this study. The average particle size based on SEM micrographs was 53 ± 3 nm. Details regarding their The hydrodynamic diameter of these particles across a range of pH from 2.5 to 10.5 was measured using dynamic light scattering (Malvern Zetasizer, Malvern Instruments, U.K.). The same instrument was used to determine the electrophoretic mobility of the particles across the same pH range. The pH of the particle dispersion was changed using 0.1 M HNO 3 and KOH solutions with a background electrolyte concentration of 10 mM KNO 3 . Scanning electron microscopy (SEM) images were obtained from a LEO 1530 Field Emission Gun SEM operating at 3 kV.
2.2.3. Interfacial Tension Using Pendant Drop Tensiometry. The dynamic interfacial tension was measured using a series of colloidal dispersions of varying concentrations. The measurements were carried out using a drop shape analysis system (DSA100, Kruss, Germany). The equipment was calibrated by measuring the pure air−water surface tension until a value of 72.8 mN m −1 was obtained. Single droplets (50 μL unless specified) of the dispersion were formed at the end of a steel needle (1.84 mm) (at a flow rate of 200 μL min −1 ) placed in the oil phase within a cuvette and images were recorded using a CCD camera over a period of time at 20°C. Each measurement was started (in all experiments) as soon as the droplets were expressed from the syringe (t 0 = 0). The profile of the droplet in each image was detected automatically using the analysis software package DSA3 (Kruss, Germany) and fitted to the Young−Laplace equation to obtain interfacial tension values as a function of time. The pure interfacial tensions of (a) a tricaprylin oil/water (pH 6, 0.1 M NaCl) interface and (b) a hexadecane oil/water (pH 2, 0.1 M KNO 3 ) were measured and calibrated based on values reported in the literature. 32, 33 The effect of (1) silica on a tricaprylin/water interface, (2) polystyrene sulfate latex and (3) pH-responsive latex particles on a hexadecane/water interface were then measured. These particle and oil pairings were chosen as preliminary bulk emulsion studies ( Figure S4 in Supporting Information), and previous studies in the literature 12,30,34−36 have demonstrated that the particles have high affinity for the oil−water interfaces and do produce stable emulsions. A summary of these pairings is presented in Table 1 .
Interfacial Tension Using Microtensiometer.
Interfacial tension measurements were also performed using a microtensiometer device, described elsewhere. 37, 38 In summary, the device contains a pressure transducer which is in-line with a capillary filled with the oil phase. The capillary is immersed in a 3.5 mL well containing the particle dispersion. The bottom wall of the device has a 30 mm circular glass slide. The glass capillaries are produced in the same manner as reported previously, 38 with a tip radius of 40 μm (unless otherwise noted). In a typical experiment, the glass capillaries were cleaned using sulfuric acid and rinsed with acetone. The capillaries were washed with acetone for a number of times and allowed to dry in an oven. Once dried, the capillaries were tested for axis-symmetry using a microscope and to ensure that the tip of the capillary was not damaged by the cleaning procedure.
The equipment was calibrated by measuring the pure air−water surface tension until a value of 72.8 mN m −1 was obtained after which the pure liquid−liquid interfacial tension was measured. The pure interfacial tensions of (a) a tricaprylin oil/water interface and (b) a hexadecane oil/water were measured and calibrated based on values reported in the literature. 32, 33 The cell was cleaned and replaced with a particle dispersion to be studied. An oil droplet with a radius of R d = 40 μm was formed using a constant pressure head (generated by a water column connected to the 3-way solenoid valve). The interface was recorded using a Diagnostic Instrument Spot RT Monochrome digital camera connected to the microscope. LabVIEW was used to process recordings of the interface to determine changes in the droplet radius and to monitor the pressure changes (subtraction of the hydrostatic pressure head at the capillary tip from the measured constant pressure head) to attain interfacial tension measurements. It should be noted that measurement of the tricaprylin−water interfacial tension was started as soon as the droplets were expressed from the syringe in the device (t 0 = 0).
2.2.5. Dilational Modulus Measurements Using Microtensiometer. Dilational elasticity measurements were performed by oscillating the 40 μm droplet, once the equilibrium interfacial tension had been obtained for the sterically stabilized latex particles. This was done by changing the constant pressure head to the oscillatory pressure head, which can be varied over a frequency range of 0.15−2 Hz at an amplitude of about 50−100 Pa. The corresponding changes in the interfacial tension with this drive signal were measured. The dilational elasticity modulus 39 is calculated by measuring the change in stress due to change in interfacial area of an interface.
In the case where we investigate multiple frequencies for the same adsorbed particle monolayer, after oscillating the interface at a specific frequency, the interface is allowed to relax for ∼500 s before oscillating at a new frequency.
RESULTS AND DISCUSSION
3.1. Nonresponsive Systems. 3.1.1. Pendant Drop Tensiometry. To allow for comparison with the behavior of the pH-responsive polymer stabilized particles, the apparent interfacial tension of the "bare" charge stabilized silica and sulfate-stabilized polystyrene latex samples were initially measured at the tricaprylin−water and hexadecane−water interfaces, with varying particle concentration from 0.1 to 4 wt %, as shown in Figure 1 .
The silica data in Figure 1a indicate a change in the "apparent" interfacial tension as a function of particle concentration: These values are calculated automatically by the instrument software from observed deformations of the interface. While for a two-dimensional interface, these deformations are assumed to result solely from changes to the oil−water surface tension, when particles are present this may no longer be the case. The analysis of the adsorption process in the pendant drop when using relatively large silica particles is complicated by gravitational settling. 23 Due to density differences the silica particles will sediment over time, and this can lead to particles collecting at the base of the droplet. This sedimentation will cause a deformation in the droplet shape due to the weight of particles collecting at the bottom of the drop (illustrated by the dashed line in Figure  S2 .1a in the Supporting Information); which will influence the drop shape and therefore create an apparent change in the interfacial tension measurement when compared to a pure water droplet ( Figure S2 .1b in Supporting Information). Performing Stokes' settling calculations (assuming no hindered settling) indicates that the particles will settle at a velocity of 10 −10 m/s meaning that the time taken for a particle to settle from the top of the droplet to the bottom will occur over ∼10 . The fact that all values are almost identical indicates that similar particle coverage (likely a monolayer) is perhaps achieved in each case and suggests that any buildup of deposits at the base of the drop is negligible. At these concentrations change in the droplet shape will be driven by the added weight of the adsorbed monolayer. The time taken to reach the equilibrium value clearly decreases with increasing particle concentration.
As the particle concentration is increased above 1 wt % the isotherms show an initial rapid drop in interfacial tension after which it slows and reaches an equilibrium tension value of 15.4 and 10.3 mN m −1 at 2 and 4 wt %, respectively (much faster in comparison to concentrations ≤1 wt %). The drastic change in the isotherms at these higher concentrations is more likely to be driven by the added weight of the particle bed forming at the bottom of the droplet rather than any "real" dynamic interfacial tension change. However, we note here that these silica particles are expected to adsorb to the oil−water interface as they have been shown to efficiently stabilize tricaprylin in water emulsions at pH 6 and in the presence of 0.1 M NaCl. 34, 36 Additionally, while such "apparent" changes may not indicate true interfacial tension effects, these measurements may be useful to study adsorption kinetics for the silica. It should also be noted that studies with smaller unmodified silica have also shown no influence on the measured dynamic surface tension. 22, 40 In order to eliminate sedimentation effects, the adsorption of 300 nm sulfate stabilized polystyrene latex "model" particles at the hexadecane/water interface was also investigated, since the density of polystyrene (1.05 g cm ) is much closer to that of water. It should be noted that the latex particles were cleaned thoroughly via numerous centrifugation and redispersion cycles (typically 8−10 cycles), until the supernatant matched the air/ water surface tension value 72.8 ± 0.2 mN/m. This is to ensure that no impurities remain in the particle dispersion that could influence the measured dynamic interfacial tension. Once cleaned, the particles were retested at the hexadecane/water interface to measure the dynamic interfacial tension at 20°C (Figure 1b) .
It is clear from Figure 1b that the addition of the clean particles led to no measured effect on the interfacial tension. The lower density of latex (close to mutual buoyancy in water) obviously causes very little distortion based on the gravitational weight of the interface when compared with the silica sample (Figures 1a and S2.1) . Since both the silica particles and the latex particles have been shown to adsorb at the oil/water interface, as inferred from the stabilization of emulsions, 7, 29 it is concluded that their adsorption does not alter the true interfacial tension.
3.1.2. Microtensiometry. It should be noted that in the microtensiometer, the interfacial tension of an oil droplet in water is measured, rather than a water droplet in oil, as was used for the pendant drop experiments. Also, the particle concentrations used in the microtensiometer were much lower than that used in the pendant drop device. This is because at higher particle concentrations it is difficult to image the interface due to the opaqueness of the particle dispersion. Dynamic interfacial tension data for both systems are presented in Figure 2 .
The addition of 0.01 wt % 800 nm FUSO silica and 0.01 wt % 300 nm polystyrene sulfate latex has little/no effect on the dynamic interfacial tension and the data is effectively the same as that of a bare tricaprylin/water interface and hexadecane/ water interface, respectively. This observation matches data presented by Vignati et al. 15 and Drelich et al., 16 showing that even if the bare particles are strongly attached to the interface, no reduction of interfacial tension is detected. This observation is due to the low Bond number in the microtensiometer device, which means that the droplet shape is less perturbed, i.e., the effect of gravitational forces is much reduced. Since isotherms from two techniques are the same, the data again suggests that adsorption of silica and unmodified (bare) latex particles do not change the interfacial tension.
3.2. Responsive Systems. 3.2.1. Pendant Drop Tensiometry. The dynamic interfacial tension of a hexadecane oil/water interface was studied using polystyrene latex particles sterically stabilized by pMMA 14 -b-pDMAEMA 54 (characterization of Figure 1 . Dynamic "apparent" interfacial tension of (a) a water droplet (pH 6, 0.1 M NaCl) containing 800 nm silica colloids dispersed at various particle concentrations immersed in tricaprylin oil at 20°C and (b) a water droplet (pH 2, 0.1 M KNO 3 ) containing 300 nm sulfate stabilized latex particles immersed in hexadecane oil. these particles are presented in the Supporting Information section in Figures S2 and S3 ). During the particle synthesis, this diblock copolymer is used as the stabilizer, which anchors into the particle core via the pMMA block while the pDMAEMA block acts as a steric layer protruding from the particle surface. These particles were cleaned via dialysis, periodically changing the outer phase until the outer phase produced a surface tension value of a pure air−water interface, i.e., 72.8 mN m −1 . To investigate the effect of pH and particle concentration on the dynamic interfacial tension, the particles were prepared at pH 2 (protonated) and pH 10 (deprotonated). Figure 3 illustrates the dynamic interfacial tension measured when the particles are dispersed at pH 10 and 2, respectively, at a particle concentration of 0.01 (Figure 3a) and 0.1 wt % (Figure 3b) .
The interfacial tension for the bare hexadecane oil/water interface was measured to be constant at 52 mN m −1
. When the interfacial tension is measured with a particle concentration of 0.01 wt % dispersed at pH 2 (Figure 3a) , the dynamic interfacial tension remains unaltered, matching observations seen by Amalvy et al. 30 at an air−water interface. This suggests that either (a) the particles do not adsorb at the oil/water interface or (b) they do adsorb but do not affect the interfacial tension as the polymer when protonated has little affinity for the oil phase. The second mechanism is most likely here, since stabilization of oil-in-water emulsions by these particles at pH 2 has been previously demonstrated. 12, 31 At pH 10, the dynamic interfacial tension at t 0 is lower than that observed for a bare hexadecane/water interface and for particles at pH 2. This suggests that as the droplet is produced, some particles are already adsorbed onto the liquid−liquid interface. At pH 10 the deprotonated polymer is collapsed onto the surface of the latex particle increasing its affinity for the interface and thus its adsorption. The reduction in the interfacial tension is very rapid in the first 400 s before it decreases over the next 600 s. The equilibrium interfacial tension occurs at ∼23 mN m . The eventual plateau in the data suggests a full coverage of the interface with core−shell latex particles with no further adsorption of surface active species.
For the particles dispersed at pH 2 (blue), increasing the particle concentration to 0.1 wt % (Figure 3b ) has no or very little effect on the dynamic interfacial tension. At pH 10 (red), the interfacial tension again initially drops very rapidly before reaching an equilibrium value after approximately 40 s. The equilibrium value of the interfacial tension is 22.4 mN m −1 and is similar to that seen above for the 0.01 wt % example suggesting that, in both cases, equilibrium coverage of the interface has been achieved. The increased rate of adsorption at the higher concentration is, of course, as expected due to the higher collision rate.
Importantly, the expected adsorption kinetics of the silica and pH responsive latex can be correlated to the measured trends, by comparing the calculated Stokes−Einstein particle diffusion coefficients (across the anticipated width of the electric double layer on the surface of the droplets), of 5.36 × 10 −13 m 2 s −1 for the silica and 1.01 × 10 −11 m 2 s −1 for the latex, respectively. Due to their much smaller size, the coefficient for the latex particles is around 2.5 orders of magnitude larger, suggesting they are able to diffuse from the bulk to the interface much quicker. In addition, the number of particles in the latex system is much higher and this will lead to a high collision frequency before subsequent adsorption, although the total number of successful collisions must also increase by the same proportion for a similar complete monolayer coverage. These two competing factors make it difficult to quantitatively assess the relative interfacial affinity of the silica in respects to the latex. However qualitatively, the increased diffusion correlates closely with a much faster equilibrium interfacial tension being reached for the responsive latex particles (40 s) compared to almost 6000 s for the silica (see Figure 1 ) at similar particle concentrations (0.1 wt %).
To deduce whether the reduction of interfacial tension was due to primarily the polymer alone or to the composite particle−polymer system, pendant drop tensiometry data were acquired at an air−water interface for the free polymer and were compared with data obtained for charge-stabilized polystyrene latex particles and the pH responsive particles, as presented in Figure 4 . It is clear from these data that the chargestabilized latex particles have no effect on the surface tension at all pH values (matching earlier observations at the oil−water interfaces presented in section 3.1). However, when investigating the free pMMA-b-pDMAEMA copolymer, the effect on surface tension is shown to be strongly pH dependent. At high pH, the pDMAEMA block is deprotonated (i.e. charge neutral) and the polymer display surface active properties (surface tension is around 42 mN m −1 at pH 9.5). As the pH is reduced the surface activity also decreases; the pDMAEMA block becomes protonated and highly cationic, which appears to be drastically reducing the adsorption of the polymer at the interface as demonstrated by the surface tension measurements (72 mN m −1 ). This trend was also observed by Matsuoka et al. 41 using the diblock copolymer, poly(styrene)-b-poly(acrylic acid) (PSt-b-PAA). They reported that at pH 3 and below the AA block is protonated and behaves as an nonionic amphiphilic diblock copolymer and hence was surface active. As the pH increased to pH 10 there was no effect on the surface tension even though a cmc was observed using SLS, which corresponds to the behavior of nonsurface active polymers.
The air−water tensiometry data of the sterically stabilized latex particles presented in Figure 4 indicates almost identical pH dependent surface activity to the free polymer, which correlates to previous experimental surface tension measurements conducted at an air/water interface of similar core−shell latex systems. 30 Importantly, these data infer that surface activity of the core−shell particle is indeed due to the grafted polymeric stabilizer, and that such activity can be maintained from the free polymer system, allowing predictions of composite particle behavior from the polymer alone.
It can be concluded from the pendant drop tensiometry data that the adsorption of "bare" particles has little influence on the dynamic interfacial tension, where the observed reduction with high density silica particles was assumed to be due to physical droplet deformation as a result of large sedimented particle bed resting above the interface. In contrast, latex particles with a steric layer of pDMAEMA on their surface caused a significant decrease in the observed interfacial tension. In order to confirm these pendant drop tensiometry data, a study was conducted using the responsive latex particles with a microtensiometry device.
3.2.2. Microtensiometry. The dynamic interfacial tension of a hexadecane droplet in water was also measured in the presence of the sterically stabilized latex particles. The isotherm of the dynamic interfacial tension when the particle is dispersed at pH 2 and pH 10 is illustrated in Figure 5 .
The data in Figure 5 shows that the dynamic interfacial tension of the pure interface and the latex particle-loaded interface at pH 2 are the same. At pH 2, the amine groups on the polymer are fully protonated and the resultant cationic steric layer is highly solvated by the aqueous phase and thus has little affinity for the interface. Under these conditions, the polymer is not surface active and little or no change is observed when measuring the dynamic interfacial tension despite the presence of adsorbed particles. This again matches the observation seen with the pendant drop measurements as well as with emulsion studies presented elsewhere. 12 The dynamic interfacial tension when the particles are dispersed at pH 10 is also presented in Figure 5 . The addition of 0.01 wt % of the sterically stabilized latex particles dispersed at pH 10 causes a significant decrease in the observed interfacial tension. Over the first 600 s as the particles adsorb, the interaction of the surface-active polymer at the interface causes a rapid decrease in the interfacial tension from around 52 mN· m −1 to 37 mN·m
. At around 600 s the measured interfacial tension value decreases suddenly from 37 mN·m −1 to 25 mN· m
; interestingly, at this point the droplet size had increased sufficiently (>40 μm) that it was on the verge of detachment from the capillary tip. To continue the measurement, the droplet was compressed and this sudden compression of the droplet compressed the particle monolayer at the interface, thus causing the observed large drop in interfacial tension. The interfacial tension stabilizes for about 150 s before the droplet again increases in size nearing detachment; once again the droplet is compressed and the tension value relaxes to an equilibrium value of around 19 ± 0.5 mN m −1 . Although the kinetics of adsorption cannot be simply deduced, due to the necessity of droplet compression, it can be postulated that adsorption kinetics are consistent with rates evidenced in the pendant drop (if one considers the much higher surface area generated in the microtensiometer). .
3.2.3. Dilational Elasticity. Dilational elasticity measurements were performed by oscillating the 40 μm droplet, once the equilibrium interfacial tension had been obtained for the sterically stabilized latex particles. This was done by changing the constant pressure head to the oscillatory pressure head, which can be varied over a frequency range of 0.15−2 Hz at an amplitude of about 50−100 Pa. The corresponding changes in the interfacial tension with this drive signal were measured. After oscillating the interface, the interface is allowed to relax for ∼500 s before oscillating at a new frequency.
The change in interfacial tension with changing interfacial area for the hexadecane−water interface in the presence of 0.01 wt % sterically stabilized latex particles dispersed at pH 2 and pH 10 is presented in Figure 6 . Data is shown for a low oscillation (0.3 Hz) and a high oscillation (1.5 Hz) frequency.
By oscillating the interfacial area after equilibrium interfacial tension is obtained, the interface expands and contracts. During the expansion of the droplet, the interfacial area increases allowing additional particles to adsorb on the free interfacial area from bulk, while as the droplet contracts the particles on the interface rearrange and come into close contact. This oscillatory movement gives insight into the elasticity of the interface, i.e., the dilational elasticity modulus. The data in Figure 6 shows no change in the interfacial tension of particles dispersed at pH 2 as the droplet area expands and contracts. This behavior was also seen at all frequencies tested and therefore the dilational elasticity modulus could not be calculated. This trend was also found when performing dilational elasticity measurements using both the silica and the sulfate-stabilized latex particles. This trend of low/no elasticity of pure particle layers has been previously reported by Hunter et al. 22 In this case, colloidal particles at an air-water interface were found to influence the interaction of co-adsorbed surfactant, but did not themselves lead to any elastic enhancement.
When the particles are dispersed at pH 10, the change in interfacial tension due to changing interfacial area is much larger. As the droplet compresses the particles come into closer contact, which causes the polymer chains that are deprotonated to entangle with each other. As the droplet expands the entangled polymer chains on the particle surface are forced to stretch giving the interface an enhanced elastic behavior. At pH 2, the polymer chains are highly protonated and are not expected to become entangled due to electrostatic repulsive interactions between the chains, and hence, the elastic properties of the particle film recorded during droplet oscillation is negligible.
By performing a frequency sweep, the dilational elasticity modulus at all frequencies can be calculated and is presented in Figure 7 .
The data shows that initially, with increasing droplet oscillation frequency, the dilational elasticity modulus increases.
These elasticity modulus values are much higher in comparison to adsorption of proteins, polymers, and ionic surfactants on similar interfaces. 42−47 As the system reaches its high frequency limit, the elasticity modulus plateaus. We suggest that this effect may be caused by two possible mechanisms.
The first is related to the adsorption rate of particles at the interface. At low droplet oscillation frequencies, the diffusion of particles from the bulk to the interface when compared to the time taken for the droplet to oscillate is proportionately faster. The particles collide with the interface and some of these collision events result in successful adsorption. As the frequency increases, the relative rate of diffusion of the particles comparing to the droplet oscillation time is reduced and hence little or no additional adsorption can occur during an oscillation event. If additional particles did adsorb during the oscillation of the interfacial area, one would expect that the interfacial tension would slowly decrease with time. This was not observed in the experiments performed. It is possible that the duration of the oscillation of experiments performed at each frequency were too small for this specific feature to be observed. Additional experiments are required here to explore this direction in more details.
The second possible mechanism relates to the interactions between polymer chains on the particles adsorbed at the interface. At low oscillation frequencies polymer layers on adjacent particles may undergo compression and stretching as the interfacial area is altered. The relaxation of polymer conformations is relatively slow and hence we would expect to see a frequency dependent effect. As the frequency increases the time for the polymer layers to adjust is reduced. This, in turn, gives less time for the chains to reorganize and may dampen the elasticity resulting in the plateau observed in the elasticity modulus data. In an earlier publication the behavior of similar particles at an air−water interface using a Langmuir trough with similar particles were described. 31 It was shown in this study that at pH 10, upon compression of the particle monolayer at the air-water interface, the particles aggregated and did not fully disperse upon expansion. This clearly showed a dominant adhesive feature caused by the collapsed polymer chains interacting (entangling) leading to the formation of particle aggregates. This second mechanism is thought to be a more likely explanation for the observed behavior; however, more detailed experiments are needed to gain better insights into this behavior. 
CONCLUSIONS
Dynamic interfacial tension measurements show different behaviors depending on the particle system used. In the case of 800 nm FUSO silica a reduction in apparent interfacial tension was observed with increasing particle concentration, although this was thought to occur through droplet distortion on the basis of the presence of dense sedimented particle bed within the droplet being analyzed. Sulfate stabilized latex particles (of a similar density to water) were also used to investigate the dynamic interfacial tension, where it was found that for particle suspensions that were sufficiently cleaned, no visible change in the interfacial tension was obtained. Data obtained from using a microtensiometer device similarly suggested that neither system significantly reduced oil−water interfacial tension. Results using the sterically stabilized pH responsive latex particles did however show significant surface activity. While the interfacial tension remained unaffected at pH 2, where the steric layer present on the particle surface is protonated and well solvated by the aqueous phase, at pH 10, where the polymer becomes uncharged and becomes surface active, large reductions in interfacial tension were measured using both pendant drop and microtensiomerty techniques. Additionally, these changes appeared to correlate to similar activity measured at the air−water interface of the free polymer alone. Further, elasticity measurements suggested that at pH 10 the interface is extremely elastic (with modulus similar to protein type systems) as the polymer chains interlink under compression and extension as the interface is oscillated. Such behavior would suggest very strong stability of emulsion or foam systems with these surface active, and elastic, core−shell particles as interfacial stabilizers.
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